Background: Recent trends in global vaccination coverage have shown increases with most countries reaching 90% DTP3 coverage in 2008, although pockets of undervaccination continue to persist in parts of sub-Saharan Africa particularly in the urban slums. The objectives of this study were to determine the vaccination status of children aged between 12-23 months living in two slums of Nairobi and to identify the risk factors associated with incomplete vaccination. Methods: The study was carried out as part of a longitudinal Maternal and Child Health study undertaken in Korogocho and Viwandani slums of Nairobi. These slums host the Nairobi Urban Health and Demographic Surveillance System (NUHDSS) run by the African Population and Health Research Centre (APHRC). All women from the NUHDSS area who gave birth since September 2006 were enrolled in the project and administered a questionnaire which asked about the vaccination history of their children. For the purpose of this study, we used data from 1848 children aged 12-23 months who were expected to have received all the WHO-recommended vaccinations. The vaccination details were collected during the first visit about four months after birth with followup visits repeated thereafter at four month intervals. Full vaccination was defined as receiving all the basic childhood vaccinations by the end of 24 months of life, whereas up-to-date (UTD) vaccination referred to receipt of BCG, OPV 1-3, DTP 1-3, and measles vaccinations within the first 12 months of life. All vaccination data were obtained from vaccination cards which were sighted during the household visit as well as by recall from mothers. Multivariate models were used to identify the risk factors associated with incomplete vaccination.
Background
Immunization during childhood has been proven to be the most effective strategy for the prevention of many infectious diseases [1] . WHO estimates that as many as 2.5 million deaths among under-5 children worldwide are averted annually by immunization against diphtheria, tetanus, pertussis, and measles [2] . Recent estimates indicates that the global DTP3 immunization coverage of infants is 82%, and 23.5 million children did not receive DTP3 vaccine in 2008 [2] . Although the recent trend related to global vaccination coverage is positive with 120 countries reaching 90% DTP3 coverage in 2008, pockets of undervaccination continue to persist in parts of sub-Saharan Africa [3] .
In Kenya, the proportion of children aged 12-23 months that are reported to have received all recommended vaccinations is 77.4% [4] . However, this proportion varies from 48.3% in the North Eastern Province to 85.8% in the Central Province. This geographical inequality in coverage reflects the variation in the influence of determinants of full vaccination across the different provinces. In Nairobi, 73% of children in this age range are reported to have received all vaccinations [4] , but estimates in the slums within the city are usually much lower [5] . A study across the slums of Nairobi showed that full vaccination coverage of children was about 44% in these settlements compared to 73% for the whole of Nairobi [6] . Polio and measles vaccinations in these settlements were substantially lower than coverage in Nairobi, but slightly higher than that in the rural areas of Kenya, despite the overall immunization coverage being lower than in the rural areas [6] . Lower immunization coverage rates have also been observed in facilities that serve slums settlements in Nairobi and may be due to missed opportunities among clinic attendees and inappropriately administered vaccines [7] .
Studies carried out in the Mathare slum of Nairobi have shown that parental age, marital status, level of education and poor knowledge about vaccinations are significantly associated with completion of the immunization schedule by under-5 children [8] . Other factors identified as predictors of incomplete vaccination among socio-economically disadvantaged children in the United States include lack of family support, lack of adequate prenatal care use, financial barriers and single motherhood [9, 10] . The differences in living conditions between slum settlements suggest that the determinants of vaccination of children may be context specific and need to be studied in the different slums.
The objectives of this study were to determine extent of full and up-to-date (UTD) vaccination coverage among children aged between 12-23 months living in the slums of Korogocho and Viwandani, Nairobi, and to identify risk factors associated with incomplete vaccination in these resource-deprived urban settlements of Kenya.
Methods

Study area and population
The study was carried out in two informal settlements of Nairobi (Viwandani and Korogocho) where the African Population and Health Research Centre (APHRC) runs a demographic surveillance system referred to as the Nairobi Urban Health and Demographic Surveillance System (NUHDSS). The NUHDSS has been in operation since 2002 and has about 60,000 registered inhabitants in nearly 20,000 households. These two densely populated slums, each comprising 7 villages, have high unemployment, poverty, crime, poor sanitation and generally poorer health indicators when compared to Nairobi as a whole [5] . The two communities however have notable differences: Viwandani is bordered by an industrial area and attracts migrant workers with relatively higher education levels, while the population in Korogocho is more stable and shows more co-residence of spouses. In addition, Korogocho has less disparity with regard to sex and age distribution of the population compared with Viwandani. Being illegal settlements, the slums are served with limited health services. There are no public health facilities within the slums but there are public health facilities in the neighboring communities where residents of the slums can access vaccination services: Four health facilities are located in the neighbourhood of Korogocho and two are close to Viwandani. Vaccination services are also offered in private and nongovernmental health facilities within or near the slums.
Study Sample and Design
This study uses data from the Maternal and Child Health component of a broader project entitled "Urbanization, Poverty and Health Dynamics" being implemented in Korogocho and Viwandani. All women from the NUHDSS area who gave birth since September 2006 were enrolled in the project and administered a questionnaire which asked about the vaccination history of their children. For the purpose of this study, we used data on 1848 children aged 12-23 months who were expected to have received all the recommended vaccinations during the first 12 months after births. The vaccination details were collected during first visit about four months after birth with follow-up visits repeated thereafter at four month intervals. All vaccination data were obtained from vaccination cards which were sighted during the household visit, as well as by recall from mothers. Almost all of the children (99%) were said to have vaccination cards during the visits but only 88% (1848) of the cards were seen at the time of interview (Figure 1) . Data on the socio-demographic characteristics of the households were also collected from the NUHDSS census rounds.
Variables
We defined full vaccination status as receiving all the basic childhood vaccinations as recommended by WHO by the end of 24 months after birth. Vaccination status was considered UTD at 12 months if the child had received the following vaccinations in the first year of life: One dose of BCG received shortly after birth, three doses of triple vaccine for diphtheria, pertussis and tetanus (DTP) or pentavalent, three doses of polio (excluding OPV-0 given shortly after birth), received at 6, 10, and 14 weeks after birth respectively, and measles vaccinations at the age of 9 months. UTD vaccination coverage was determined for children after 3 months during which BCG, OPV 0,1 and 2, as well as DTP 1 and 2 would have been administered. Some children received polio vaccine at birth and, therefore the analyses were repeated with full vaccination including OPV-0. Analysis was conducted only for children aged 12-23 using data on their vaccination status obtained within the first 24 months after birth.
The household assets index was constructed using the principal component analysis (PCA). The assets index was derived from different assets owned by the household, both within the dwelling structure and elsewhere. These included motor vehicle, motorcycle, cooking stove, TV, refrigerator, and phone. The monthly expenditure was computed by dividing the monthly household expenditure by the equivalent household size, taking a child to be equivalent of half an adult. The poverty variables were computed at the household level and averaged for the village within which the households are located. The mean village poverty scores were then assigned to all the households in the respective villages and used as covariates in the modeling.
Nine covariates were included in the analysis: sex of child, maternal education (none, primary, and secondary or higher), maternal age at index child's birth (<20, 20-24, 25-29, 30+), parity (1, 2, and 3+), place of delivery (home or health facility), ethnicity (Kikuyu, Luhya, Luo, Kamba and Others), antenatal care (no ANC, seen a doctor, seen a nurse), birth weight (less than 2.5 kg, 2.5 kg or greater), postnatal care (no postnatal, postnatal care) and measures of poverty.
Data Analysis
Descriptive analysis was used to show the characteristics of the participants in the study and the extent of coverage for specific, UTD and full vaccination. A bivariate model was fitted for all covariates and those with a p value of less than 0.25 were included in the multivariate analyses. Multivariate models were used to identify the risk factors associated with incomplete vaccination in the study settlements. The poverty variables were computed for each village and a multilevel (random intercept Figure 1 Derivation of the sample of children included in the study from the NUHDSS. model) technique was used to account for these village level factors [11] . Due to multi-dimensionality of poverty measurements, we fitted separate models to assess the effects of poverty. All models were fitted with the STATA "xtlogit" or "xtmelogit" command using verified immunization status data from vaccination cards.
Ethical considerations
The conduct of the Urbanization, Poverty and Health Dynamics programme of research was approved by the Ethical Review Board of the Kenya Medical Research Institute (KEMRI). The field workers were trained in research ethics and obtained informed consent from all respondents in the Maternal and Child Health project. The NUHDSS has also been approved by KEMRI's Ethical Review Board. Verbal consent is usually obtained from all respondents.
Results
Sample Characteristics
Of the total of 4737 children aged between 12-23 months resident in the slums during the period of the study, 1848 were included in the study by virtue of being born in the NUHDSS study area, were aged 12 months or above during the last visit, and also had their cards seen during the visits. Of the 1848 sampled, 875 were resident in Viwandani and 973 in Korogocho. The distribution by ethnicity varied between the two slums, and 85% of mothers in the study were married or in a civil union. About 71% of the children were delivered at health facility, and over 90% of mothers received antenatal and postnatal care. The other characteristics of the sampled children and their mothers are shown in Table 1 .
Vaccination Status
The coverage by vaccine and the proportion of children with up-to-date and full vaccination status are shown in Table 2 . Vaccination coverage for BCG, which is administered immediately after birth, was 98.5% among all the children in the study. The coverage for the birth dose of OPV was lower than that for the other three OPV doses, and there was a slight decline in DTP/pentavalent coverage over the three doses from 97.5% to 96.9% with cards, or from 98.8% to 95.2% with recall included. Measles coverage was substantially lower than that for the other vaccines. Only 62.4% of children aged between 12-23 months had received verified measles vaccination with almost half of the children in Korogocho still unprotected against the disease. Up-to-date and full coverage were consistently higher in children when these were determined without inclusion of the birth dose of OPV. Up-to-date coverage rates at 12 months were 41.3% and 51.8% with and without the birth dose of OPV, respectively. Full vaccination coverage rates (57.5%) were higher than up-to-date coverage at 12 months overall, and in both slum settlements. In general, the coverage values for all vaccinations were slightly higher with the inclusion of maternal recall data. 
Timing of BCG and OPV-0 Vaccinations
The 13% disparity observed between the coverage for BCG and OPV-0 was investigated by examining the timing differences in the administration of both vaccines ( Table 3 ). The average time to BCG and OPV-0 vaccinations were 12 and 13 days respectively. This duration was similar (11 days) even for children who received both vaccines on the same day. The mean durations to BCG and OPV-0 vaccination were greater when the two vaccines were administered on different dates, with BCG being administered 3 weeks after birth and OPV-0 being administered 4 weeks after birth.
Bivariate Analysis
The sex and weight at birth of the child were not associated with full vaccination for children aged 12-23 months. Children born at a health facility were more likely to be fully vaccinated when this included OPV-0 compared with those born at home. Marital status of the mother was not significantly associated with full child vaccination, but mothers with primary level education or higher were more likely to have children who were fully full vaccinated. Maternal age and receipt of antenatal or postnatal care were associated with full vaccination of their children. Women with higher parity were less likely to have fully vaccinated children compared with those with lower parity. The slum of residence was also associated with vaccination status, with children in Viwandani being twice as likely to be fully vaccinated compared to those in Korogocho. The children of the Kikuyu ethnic group were more likely to be fully vaccinated compared to children of all other ethnic Household assets index and monthly expenditure were significantly associated with full vaccination of children when the birth dose of OPV was included (Table 4) .
Multivariate Analysis
The results of the multivariate analysis are shown in Table 5 . The models included the variables that were significantly associated with full vaccination in the bivariate analysis. Some variables had missing information which led to the decrease in the number of observations used in the multivariate regression model as the method excludes the whole case if any information is missing. The regression model which included household assets showed that this dimension of poverty was associated with vaccination with or without the OPV-0. Poverty measured as household expenditure was also a predictor of full childhood vaccination. Maternal level of education was a significant determinant of full vaccination when OPV-0 was included, with children of mothers who had completed primary education having close to one and a half times higher odds of being vaccinated compared to those of mothers with no education (p < 0.05). This association was present in both models. Similarly, maternal age was a strong predictor of vaccination of a child with older mothers being more likely to have children who were vaccinated compared with mothers who were aged less than 20 years. Whereas children born at the health facility had 1.3 times higher odds of full vaccination when the birth dose was included, maternal attendance for antenatal and postnatal care was not significantly associated with full vaccination in children. As seen in the bivariate analysis, higher maternal parity was associated with a lower likelihood of full vaccination among children, when both including and excluding the polio birth dose. Ethnicity was also significantly associated with full vaccination, with the Luhya, Luo and other ethnic groups having lower odds of vaccination compared to kikuyu children, but mostly when the outcome included the polio birth dose.
Discussion
This study describes immunization coverage and risk factors for incomplete vaccination for children aged 12-23 months in urban informal settlements in Nairobi. The study shows poor full immunization coverage according to WHO recommendations for full vaccination at 58%. Immunization coverage was particularly low for measles at 62%. The study also indicates even poorer up-to-date immunization coverage at only 52%. Significant determinants of complete vaccination in these communities included poverty, ethnicity, place of delivery, mother's education and parity of the mother. These results clearly indicate important areas for intervention to improve immunization coverage among the urban poor in sub-Saharan Africa. The full immunization coverage for children aged 12-23 months reported from vaccination cards in this study is low compared to that reported nationally, in urban areas and even in rural areas in Kenya. According to the 2008-2009 Kenya Demographic and Health Survey, the national coverage for full immunization is 77%, while that of Nairobi as a whole is 73%. Urban areas in Kenya have the highest level at 81% while that of rural areas is 76% [4] . The results in this study indicate that children living in urban informal settlements are the most disadvantaged sub-group and do not benefit from the urban advantage. While there is an improvement from results of a study carried out in the Nairobi slums in 2000 which showed that full immunization coverage was 44%, the improvement is small compared to that from 57% to 77% reported nationally for Kenya between 2003 and 2008 [4, 12] . The full immunization coverage compares with that of other slum areas in developing countries [13, 14] . For example, while full immunization coverage among children aged 12-23 months in Bangladesh as a whole is 75%, only 54% of children of the same age are fully immunized in the urban slums of Dhaka [14] . Various reasons may explain the lower levels of full immunization coverage in urban slums in the developing world. A comprehensive review of immunization services in urban areas in developing countries identified several challenges that are unique to urban areas [15] . These include rapid population growth particularly in slum populations, array of types of service providers in both private and public sectors, other more pressing challenges that need to be prioritized and the need to use creative strategies to reach marginal sub-populations [15] . Similar challenges face the urban poor populations in Nairobi. In addition, being illegal settlements, slum areas in Nairobi have in the past had little recognition from the government and therefore have been marginalized with regards to provision of basic services. Although immunization services are offered free of charge at public health facilities, these facilities are often not found in the slums and slum dwellers have to seek for public services outside of the slum areas. They otherwise seek services offered by private practitioners in the slums who are mostly illegal and offer sub-standard and relatively expensive services [16] . This limits access to basic services such as vaccination services and may be the main reason for low full immunization coverage.
While achieving high immunization coverage against vaccine-preventable diseases is of significant public health importance, achieving a high level of UTD vaccination coverage may even have higher-reaching benefits. Using vaccination card data, this study indicates a lower level of UTD vaccination than that of full coverage, declining from 66% for vaccinations that should be completed by 3 months including BCG, polio 1, 2, and DTP/ pentavalent 1, 2, to 52% at 12 months when all vaccines should have been given. Evidence indicates that giving vaccines at the wrong time may have adverse implications [17] . For example, studies in West African countries indicate that DTP given concurrently with or after measles vaccine is associated with higher mortality than having measles vaccine alone as the latest vaccine [18] . Further, a study in Bangladesh showed that giving BCG and DTP after the age of measles vaccine increased mortality by three-fold compared to not vaccinating at all [19] . This indicates the importance of emphasizing immunization on schedule for children living in informal settlements.
The study indicates high vaccination coverage for vaccines that are given within the first few months after birth at between 87% and 98%. On the other hand, coverage for measles, given towards the end of the first year was poor with only 62% receiving the vaccine. This difference in coverage between these two sets of vaccines has also been documented in other studies in developing countries, [13, 20, 21] and may be due to the long interval between them. The low immunization coverage for measles is of particular public health concern given both the specific and non-specific beneficial effects of measles vaccine on childhood morbidity and mortality documented in several studies in the developing world [22, 23] . The other concern with the low coverage of measles vaccination is the absence of herd immunity. High measles coverage provides herd immunity thereby decreasing the risk for measles exposure and affording protection to the small proportion of individuals who are not vaccinated.
This study also reveals the extent of missed opportunities for vaccination in the slum settlements. For example, while BCG vaccination coverage is almost 100%, close to 20% of children do not receive the zero dose of polio given at birth together with BCG. Although the birth dose of polio is not within the WHO guidelines for full immunization, it is important for the efforts towards polio eradication. In addition, while only 3% are not given DTP3/pentavalent3, 13% are not given OPV 3 dose given at the same time. A few explanations may be given for the disparities: evidence in other slums indicates lack of confidence of health workers in administering two vaccines at the same time owing to fear of contraindication. Furthermore, shortage of vaccines and the unwillingness of health workers to open vaccine vials if there are not enough children needing the vaccine at a given time have been cited as reasons for these differences [24, 25] . The results indicate significant delays in BCG and OPV-0 vaccinations immediately after birth. The delay of 11 days observed suggests that supply of the vaccines at health facilities which conduct deliveries may not always be assured at the time of birth. The delay may also be associated with mothers who deliver outside of formal health facilities but are aware of the need for these vaccines and take the children for vaccination at health facilities a few days later. The substantial delay observed when the two vaccines are administered at different dates or when only BCG was given suggests that vaccine shortage at the health facilities at time of delivery problems is a major factor in the delay or non-receipt of BCG or OPV-0 vaccinations. These challenges with vaccine stockouts are common among the numerous privately run health facilities in Korogocho and Viwandani.
From the experience working in the community, mothers often report shortage of the polio vaccine. This irregularity is not often reported with regards to BCG and DTP/Pentavalent. With regards to OPV zero, there is a duration limit of 14 days within which the vaccine should be given, if children report after these 14 days, they are given OPV 1 instead. The higher coverage for DTP3/pentavalent compared to OPV3 may be due to donor emphasis on using DTP3/pentavalent to monitor and evaluate performance of vaccination programs. However, there is need for further investigations as there seems to be no disparity between OPV 1 and 2 and the respective DTP/pentavalent doses. These findings indicate a need for increased awareness amongst health care workers to ensure administration of all eligible vaccines at the time the caregiver visits the clinic for vaccination of a child. Further, the government may need to ensure regular supply of polio vaccine.
The finding of greater likelihood of full vaccination among children born at a health facility has been reported in previous studies [26, 27] . Mothers who deliver at health facilities may be more frequent users of health facilities and services including immunization for children. The administration of BCG and OPV at birth is required at registered health facilities and may partly account for the higher proportion of facility-delivered children with full vaccination. Home deliveries in urban slums and rural areas are often conducted by traditional birth attendants and usually do not involve administration of vaccines [27] . Other studies have shown that maternal education, attendance for antenatal and postnatal care, and parity are associated with full vaccination among children [8, 28, 29] . In this study, women who received antenatal and postnatal care were not significantly more likely to have a fully vaccinated child compared to those who did not. A high proportion of women in the two slums reported utilizing antenatal and postnatal services. However, the quality of antenatal and postnatal care services provided at health facilities serving the slum population is generally substandard and may not include components such as immunization which these services are expected to provide [30] . The study also showed that mothers resident in the slums who had higher parity were less likely to ensure that their children received all the required vaccinations. This relationship has been shown in other studies in non-slum areas of Kenya and has been linked to the higher cost and demands on resources caused by having more children, which may adversely affect healthcare utilization [29, 31] . The greater vaccination coverage among children resident in Viwandani suggests the presence of contextual factors within the slum that influence the decision of caregivers to get their children vaccinated. Such contextual factors may include level of education in the slums (maternal, paternal and other household members). The higher vaccination coverage in Viwandani may be because this area attracts migrant workers with relatively higher education levels, which may influence vaccination coverage at the community level. Additionally, given that public health facilities where slum residents may seek vaccination services are located outside the slums, Korogocho residents, being of lower socio-economic status may be limited by transport costs. Within both slums, greater likelihood of full childhood vaccination was associated with being of the Kikuyu ethnic group. This is consistent with previous reports for the whole of Kenya in which the Kikuyu children or children from Central Province where this ethnic group mainly lives had the highest odds of being fully vaccinated or being at advantage with regards to other health outcomes [4, 32] . This suggests positive cultural characteristics of this group in relation to vaccination and health seeking behavior in general. It may also relate to higher socioeconomic status or education attainment among Kikuyus (or people from Central Province) documented nationally [4] . Anecdotal evidence from the NUHDSS data also suggests that Kikuyus have higher social economic status in the slums. However, further research may need to unravel the ethnic disparities with regards to vaccination.
The poverty variables used in the study included two measures of poverty, namely household assets and monthly expenditure. These variables reflect different dimensions of poverty in the slums. Household assets is a slow-changing measure of poverty and was associated with full vaccination. Children in villages with greater household assets and expenditure were more likely to be fully vaccinated than those in villages with less household assets. Assets are a reliable measure of the underlying structural well-being of a household whereas household expenditure demonstrates much greater periodic fluctuation [33] . This distinction may explain the extent of association of these measures with full vaccination of children in the slum. There were similarities in the odds ratios of the variables in the two models using each measure of poverty, suggesting that household assets and monthly expenditure are correlated in the slums and do not individually alter the association of the various factors with the likelihood of vaccination. Financial barriers among the socio-economically disadvantaged groups have been shown to predict under-vaccination although these are typically represented as costs or relative measures such as wealth quintiles [34] [35] [36] . This study, which explores specific dimensions of poverty in the resource-deprived slums of Nairobi, demonstrates that household economic deprivation when expressed at community level influences the likelihood of full childhood vaccination.
This study has a number of strengths and limitations. Vaccination status was determined using data from vaccination cards thereby ensuring the accuracy of information. This eliminates the recall bias that exists in cases where vaccination cards are unavailable and researchers have to rely on the mother's report. Only a small proportion of children (16%) did not have vaccination cards, compared to 30% nationally and 58% for Nairobi Province reported in the 2008-2009 Kenya Demographic and Health Survey [4] ; these were omitted from the regression analysis. The longitudinal nature of the study ensured timely updating of the vaccination data, hence reducing the bias that would have otherwise been created by loss of vaccination records. The inclusion of children born throughout the duration of the MCH study ensured a larger sample size but assumes that the influence of maternal factors on vaccination status is the same throughout the study period.
Conclusions
The importance of immunization against the killer diseases in the developing world cannot be overemphasized. The low full immunization coverage documented in this study among children in the urban informal settlements of Nairobi, particularly for measles vaccination, indicates the need for strategies to address the situation. The results also indicate the need to emphasize timely administration of vaccines, given the documented consequences of administering vaccines at the wrong time. Vigilance amongst health professionals should also be enhanced through awareness creation to minimize missed opportunities for administration of the different types of vaccination expected to be given concurrently when the mother presents at the clinic. This study has also identified specific areas for intervention as far as factors associated with lower vaccination are concerned. Programmes targeting mothers of lower socio-economic status such as those with no education, those in most poor households and with many children are required. Such programmes may include health education and immunization campaigns at the community level to improve coverage. Awareness concerning delivery at health facilities should also be created among the slum population as this is associated with higher likelihood of childhood immunization, especially for vaccinations administered at birth.
